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ABSTRACT

and Silvia Ferrini®

Local energy systems (LES) are designed to decarbonize, balance, and coordinate supply, storage and demand resources.
Which local conditions enable LES to flourish? Using a unique dataset of 146 LES projects in the UK from 2010 to 2020,
we apply econometric methods to identify energy, institutional and socio-economic conditions significantly associated
with LES, but not other local energy forms. We show distributed power generation, low-carbon infrastructure firm
activity, local government strategy and active energy efficiency markets are enablers of LES involving multiple actors,
sectors and skill sets. These conditions describe a clear policy agenda for stimulating and supporting emerging local

energy markets.
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1. INTRODUCTION

Global warming has detrimental environmental and socio-
economic implications. The Intergovernmental Panel on
Climate Change’s (IPCC) (2022) Sixth Assessment Report
states that ‘any further delay in concerted anticipatory glo-
bal action on adaptation and mitigation will miss a brief
and rapidly closing window of opportunity to secure a live-
able and sustainable future for all’ (p. 33). Regions and
cities play a prominent role in sustainable transitions
(Gibbs & Lintz, 2016; Turok et al., 2017). They can cat-
alyse regime change and accelerate transition dynamics,
initiated through local niches (Boschma et al., 2017).
Gibbs and O’Neill (2017) apply the multilevel perspective
to examine sustainability transitions across macro-, meso-
and micro-scales considering: (1) the landscape of exogen-
ous social, cultural, political and material trends, (2) socio-
technical regimes, centred around fossil-fuel-based energy
systems and (3) protected niches as ‘testbeds’ for inno-
vations that can potentially challenge and destabilize
incumbent regimes. Local areas and regions can function
as niches in these transitions by providing space for inno-
vations to emerge, be tested and improve (Gibbs &
O'Neill, 2017). From an institutional perspective, local
authorities (LAs) also have a role to play in niche-led sus-
tainability transitions (Graute, 2016). However, as both

local areas and LAs vary widely in their characteristics, it
is not clear what specific local conditions enable niche-
led challenges to incumbent centralized energy systems
as part of a wider sustainability transition. Our study is a
response to this knowledge gap: it seeks to understand
both the underlying socio-economic, institutional and pol-
itical dynamics that drive local energy-led sustainability
transitions (Truffer & Coenen, 2012) as well as geographi-
cal connections and interactions (Hansen & Coenen,
2015; Truffer et al., 2015).

Achieving net-zero emissions at the local level is a key
objective for sustainability transitions (Ravetz et al., 2021).
Local energy initiatives are becoming increasingly relevant
within regional and urban planning to develop carbon-
neutral cities and regions. Local energy means activities,
initiatives or investments that are place-based responses
to needs or opportunities rooted in local contexts. Vari-
ation in contexts means variation in project purposes,
scopes and institutional arrangements. Despite techno-
logical variation across different forms of local energy,
the renewable power generation is commonly involved,
particularly site-specific solar photovoltaics (PV) enabled
by rapidly falling costs, secure long-term revenue streams
through feed-in tariffs and relatively low complexity
(Braunholtz-Speight et al., 2020). But this is now chan-
ging. Offtake subsidies for renewable power have been

CONTACT Theodoros Arvanitopoulos @ t.arvanitopoulos@lse.ac.uk
?London School of Economics, European Institute, London, UK

bTyndall Centre for Climate Change Research, University of East Anglia, Norwich, UK

“School of Geography and the Environment, The Environmental Change Institute, University of Oxford, Oxford, UK
9School of Environmental Sciences, University of East Anglia, Norwich, UK

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/00343404.2022.2131756

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://crossmark.crossref.org/dialog/?doi=10.1080/00343404.2022.2131756&domain=pdf&date_stamp=2023-09-15
http://orcid.org/0000-0001-6368-1390
http://orcid.org/0000-0001-8164-3566
http://orcid.org/0000-0003-1861-5604
http://creativecommons.org/licenses/by/4.0/
mailto:t.arvanitopoulos@lse.ac.uk
https://doi.org/10.1080/00343404.2022.2131756
http://www.tandfonline.com
http://www.regionalstudies.org/

2038 Theodoros Arvanitopoulos et al.

cut or removed, and direct public funding for local energy
has been eroded (Tingey & Webb, 2020). The technologi-
cal and policy landscape has also shifted towards more
market-oriented activities (Devine-Wright, 2019) and
rapid electrification of transport and heat (European
Commission, 2020b). This has paved the way for the
emergence and deployment of specific forms of local
energy, in particular local energy systems (LES) projects.

LES projects have functioned as testbeds of innovation
at the local level in the UK over the last decade. They com-
bine activity across multiple sectors and energy vectors
within integrated local systems. LES sits at the intersec-
tion between the four ‘D’s driving the energy transition
(European Commission, 2019): decarbonization towards
net-zero emissions; digitalization for smarter coordination
and control of supply, demand and storage resources
(International Energy Agency (IEA), 2017); democratiza-
tion opening up energy markets to new actors, including
household producers and local government (Schot et al.,
2016); and decentralization towards more localized net-
works that balance supply and demand (Berka & Dreyfus,
2021). LES are the ‘business model’ response to emerging
opportunities to generate, integrate, balance and trade
energy locally both within electricity systems and across
other energy vectors (Fuentes Gonzilez et al., 2021).
This implies multiple value streams that need to be cap-
tured by multiple actors with diverse technical and com-
mercial skills. Wider future LES deployment is
important for UK decarbonization as it can unlock the
potential for decentralized flexibility. In contrast to electri-
city distribution network upgrades and new energy gener-
ation infrastructures, LES can enable system-wide cost
savings of up to 19% by boosting demand flexibility and
local storage resources that in turn facilitate the integration
of large volumes of variable renewable generation (Aunedi
& Green, 2020).

The present study contributes to regional studies
debates on the role of local area-based and niche-led sus-
tainability transitions by analysing a unique dataset of 146
LES projects implemented in the UK over the last decade.
This comprehensive and detailed sample of local energy
innovations helps us understand the local drivers and
enablers of change. We employ spatial econometric
methods to identify the socio-economic, geographical,
institutional and political conditions that are significantly
associated with the deployment of LES projects. Our find-
ings inform UK energy and regional policy while contri-
buting to scientific understanding of socio-technical
transitions originating in place-based niches.

We demonstrate empirically that the local conditions
associated with LES have expanded and become more
complex compared with earlier forms of local energy.
This supports our argument that LES projects are part
of a broader socio-technical transformation in the energy
system. Based on a decade of trials, demonstrators and
early-stage commercial LES in the UK, we show that
local areas with higher levels of distributed or utility-
scale renewable generation, with more electric vehicle
(EV) charging infrastructure, and with less accessible gas
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infrastructure have greater needs for LES to manage and
balance electricity networks. We show that local areas
with more economic activity in the technology sector,
more strategic LAs and more active energy efficiency mar-
kets have stronger enablers of LES involving multiple
actors, sectors and skill sets. This combination of needs
and enablers characterizes the institutional, technological,
socio-economic and geographical conditions under which
LES are most likely to thrive within the broad local energy
landscape

Thus, our analysis shapes a clear policy narrative for
supporting  decentralized decarbonization strategies.
National and local policymakers should strategically invest
in digital skills and technological activity, de-risk value
streams from distributed storage and demand resources
and provide clear long-term strategic frameworks towards
a net-zero emission energy system.

2. LOCAL CONDITIONS RELATED TO THE
DECENTRALIZATION OF ENERGY
SYSTEMS

To support our claim that decentralized decarbonization
strategies are promising solutions we develop an empirical
analysis of exiting LES initiatives to identify key local con-
ditions. We claim that six elements (Table 1) can play a
key role: energy networks, socio-economics and housing,
local government, social capital, local economy, and
geography. LES are either enabled by these conditions
or provide solutions to problems these conditions create.

2.1. Energy networks

LES are potential responses to a range of infrastructure
challenges, particularly in the electricity sector. Low
installed conventional generation capacity can create
supply constraints on local networks, whereas high inter-
mittent renewable generation increases the complexity of
balancing supply and demand. In the UK over 30 GW
of power-generation capacity is connected to distribution
networks, of which over 85% is renewables (including 13
GW of solar PV, mainly on rooftops) (Dukes, 2020). Dec-
arbonization also means electrifying heat and mobility
through widespread substitution of heat pumps for gas
boilers and EVs for internal combustion engines. These
additional loads on power networks exacerbate potential
supply constraints during peak demand periods, risking
price spikes and power outages (Eyre & Baruah, 2015).
Adoption of EVs is incentivised by more locally available
charging infrastructure (Morton et al., 2018). In the UK
around 85% of dwellings use gas for heating. Rural and
other areas with limited access to gas infrastructure already
place greater demands on electricity networks.

We hypothesize local conditions associated with LES may include
low conventional generation capacity (E1, E2), electricity net-
work balancing constraints (E3, E4), low surplus electricity net-
work capacity (E5—E7).
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Table 1. Local conditions associated with LES with corresponding hypotheses tested empirically in the present study.

Categories of condition

Conditions associated with LES

Hypotheses: LES expected in areas with ...

Energy networks

Socio-economics and housing

Institutions  Local

government

Social capital

Local economy

Natural resources

Low installed generation capacity

Electricity network-balancing
constraints

Low surplus capacity on the electricity
network

Low multi-vector integration
Low demand flexibility

Low distributed storage
Fuel poverty and/or deprivation

Reduced energy efficiency of the
building stock

Increased energy retrofit of the
building stock

Clean energy or climate action goals

Capacity to access capital funding

Trusted local energy partners
Higher levels of civic engagement

Stable local demographics
Increased economic activity

Local skills and experience in tech
businesses

Local climate

Availability of renewable resources

E1 Fewer conventional major power producers

E2  Local electricity substations experiencing
capacity constraints

E3  More renewable power generation

E4  More EV charging network?

E5  Limited access to gas

E6  High electricity use relative to the average

E7  High frequency of electric power outages

E8  Low number of heat pumps

E9  Low installed capacity of industrial demand
response

E10 Low number of smart meters

E11 Low number of EVs

S1  Higher population densities

S2  Lower average household income

S3  More deprivation and/or fuel poverty

S4  Less efficiency improvements in fuel poor
households

S5 More older dwellings

S6  More home audits in owner-occupied
households

L1 Existing sustainable energy (and climate) action
plans

L2 Availability of funding resources

L3 Effective at competing for national funding®

L4 Increased participation in energy markets®

11 High volunteering rate within the community

12 Politically engaged populations

13 Stable housing markets

V1  Large or growing local economies

V2 Large numbers of firms in the ICT sector®

V3 Universities and engineering departmen‘[sd

G1  Cooler climate

G2  Renewable resource potential

Note: ®Apart from generating potential balancing constraints in the local electricity network, the existing electric vehicle (EV) infrastructure could also act
as an enabler for LES projects by providing more opportunities for distributed balancing if smart charging or vehicle-to-grid business models become the
market norm. EV infrastructure also indicates strategic planning and accumulated expertise within local areas.

PNot directly testable in this research due to restrictions in the availability/existence of relevant data sources.

ICT = information and communication technologies.

dUniversity towns as a proxy for engaged populations is measured directly in 12.
For a detailed overview of all relevant metrics compiled and used to test hypotheses, see Table A2 for energy networks, Table A3 for socio-economics and
housing, Table A4 for local government, Table A5 for social capital, Table A6 for local economy, and Table A7 for natural resources, all in Appendix A in the

supplemental data online.

Labels E1-E7 refer to independent variables used to test
these hypotheses in our models (Table 1; and see Table
A2 in Appendix A in the supplemental data online).
Multi-vector’ LES create substitution opportunities
across power, heat, gas and mobility networks to increase
flexibility and balance real-time demand (Chicco & Man-
carella, 2009). LES can enhance demand response and

distributed storage as local solutions for system balancing,

avoiding the need for costly network upgrades to increase
supply capacity (Jain et al,, 2017). Demand response
allows network operators to remotely curtail or shift
large industrial loads in times of supply shortage. Smart
meters are a critical enabling technology for home energy
management systems coupled with time-of-use pricing to
extend demand response into residential and commercial
sectors (Khan et al., 2015). EV batteries store electricity

REGIONAL STUDIES
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when parked. Recharged through smart charging or
‘vehicle-to-grid’ arrangements, EVs serve as distributed

storage resources available to network operators during
periods of peak demand (Wolinetz et al., 2018).

We hypothesize local conditions associated with LES may include
low multi-vector integration (ES), low demand flexibility (E9,
E10), and low distributed storage (E11).

2.2. Socio-economics and housing

LES may include demand-side efficiency improvements
for reducing loads on supply networks and smart controls
for integrating demand-side resources. Energy efficiency
retrofit programmes to upgrade the building stock can
substantially improve thermal comfort and reduce energy
bills (Rosenow & Galvin, 2013). Retrofits in owner-occu-
pied dwellings are supported by energy audits or assess-
ments which identify cost-effective measures by dwelling
type (e.g., the Green Deal in the UK) (Pettifor et al,,
2015). Energy-efficiency market activity is an indicator
of household-led investments in improved energy infra-
structure (Webber et al., 2015). LAs and utility pro-
grammes target fuel poverty through energy-efficiency
upgrades in lower income households living in older, inef-
ficient homes (e.g., ECO in the UK). Public procurement
of retrofit measures in social housing and public buildings
offers testbeds for newer technologies including heat
pumps and EV charging. Demand in densely populated
urban areas may stretch the available supply infrastructure,
particularly as heat pump deployment to decarbonize heat-
ing shifts demand from gas to electricity networks (Love
et al., 2017).

We hypothesize local conditions associated with LES may include
more fuel poverty or deprivation (§1-84), older or more energy-
inefficient dwellings (S5), and increased energy retrofit of the
building stock (86).

2.3. Local government

LAs and other public sector organizations are potentially
important actors in LES (Kuzemko & Britton, 2020).
By developing sustainable energy plans, setting climate
action targets or declaring climate emergencies, local gov-
ernments can signal strong political support for private
investments in new energy infrastructure (Graute, 2016;
Kuzemko & Britton, 2020). LAs with a greater capacity
to raise or bid for capital financing may also play more
direct roles in LES as project leaders, partners or investors
(Kuzemko & Britton, 2020). In-house skills and expertise,
including through past experience with local energy,
enable LAs to develop, fund, implement and manage
complex LES involving different actors, multiple energy
vectors and broad public engagement (Bayulgen, 2020;
Rydin & Turcu, 2019).

We hypothesize that local conditions associated with LES may

include more clean energy or climate action goals (L1), more
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LA access to capital funding (L2, L3), and more trusted local
energy partners (L4).

2.4. Social capital

LES are enabled by public support (e.g., for new LA
business models) as well as active public involvement
(e.g., heat pump deployment or EV charging infrastruc-
ture in residential neighbourhoods). Civic engagement,
proxied by indicators such as volunteering rates or election
turnouts, is a measure of social capital which defines
human relationships and behaviours under which aspects
of everyday life obtain an instrumental value (Scrivens &
Smith, 2013). Conversely, civic engagement may be
undermined in areas with high turnover or more transient
populations (e.g., overheated housing markets, large
amounts of short-term rental properties). Community
and local energy initiatives led by grassroots organizations
are both an indicator of social capital and are enabled by it.
The same applies to LES, although they are more likely to
be private sector-led or involve public—private partnerships

(Bauwens, 2019; Koojj et al., 2018).

We hypothesize that local conditions associated with LES may
include higher levels of civic engagement (11, 12), and more
stable local demographics (13).

2.5. Economic activity

As a market-oriented form of local energy drawing on
different commercial and technical skillsets, LES are
linked to and enabled by local economic activity. LES
may be seen as discretionary investments appropriate only
for strong local economies, or as opportunities to stimulate
economic growth, jobs and local supply chains (Dejardin &
Fritsch, 2011). Local firms and market activity in energy,
digital, science and engineering sectors build knowledge
resources available to LES (Fritsch & Schindele, 2011).
University departments and research institutions can also
act as project partners and contribute to available local skills
through knowledge transfer (Popp, 2017).

We hypothesize that local conditions associated with LES may
include more economic activity (V1), and more energy, technol-

ogy, and digital business and research expertise (V2, V3).

2.6. Natural resources

‘Energy materialities’ describe the dependency of sustain-
able energy plans, policies and projects on available energy
resources (Kuzemko & Britton, 2020). LES may exploit
locally available renewable resources or be a response to
local climatic conditions. Solar, wind, bioenergy and
geothermal resources are important for decarbonizing
supply networks. On the demand side, heating and cooling
profiles for buildings vary as a function of local climate and
building stock characteristics (Atalla et al., 2018). Local
areas in colder climates may face greater supply constraints
for heat during winter peak periods (Fazeli et al., 2016).
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We hypothesize that local conditions associated with LES may
include climate conditions (G1) and renewable resource avail-
ability (G2).

3. DATA

To test these hypotheses we use the UK as a test case for
the transition to market-oriented LES against a back-
drop of ongoing power sector decarbonization (Rydin
& Turcu, 2019). We use an updated and extended data-
set of energy system demonstrator projects originally
compiled by the UK Energy Research Centre (Flett
et al., 2018). Energy system demonstrators are local
energy projects that deploy and test multiple technologies
that can assist low-carbon system operation (Flett et al.,
2018). This can enable improved integration, coordi-
nation, and balance of supply and demand on electricity
networks. These projects are increasingly incorporating
multi-vector approaches across heat, power and transport
systems. As commercial demonstrators, all projects were
partly or fully financed by public funding sources such

as Innovate UK or Horizon 2020 so are positioned in

Spatial Resolution: Local Authority

£
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the market formation stage of LES development (Galla-
gher et al.,, 2012).

The dataset reports the spatial distribution of 146 LES
demonstrator projects implemented from 2010 to 2020
along with information on scale, the technologies deployed
and the actors involved (Figure 1). Over time, the number
of LES projects has been steadily increasing across LAs.
LES projects are characterized by wide technological, insti-
tutional and spatial variation (Fuentes Gonzilez et al,
2021). The LES projects in our sample use 42 types of tech-
nology,3 different types of partners (private, third sector and
dedicated partnerships), and are located in metropolitan,
urban, semi-urban, as well as rural areas (e.g., Figure A4
in Appendix A in the supplemental data online shows
LAs with limited access to gas). We exploit spatial variation
to test for associations with local conditions measured at the
LA level.* The number of LES per LA varies from 0 to 7,
with about 20% of LAs having at least one LES (see Figure
A1 online).

Accounting for this truncated and zero-weighted dis-
tribution, we develop a consistent model selection strategy
to identify local conditions (independent variables) signifi-
cantly associated with LES implemented in the UK over

Spatial Resolution: Local Authority
Number of LES projects started in 2020 or earlier
0

X
UKERC Local Energy Systems (LES) Projects #"
2

. 4 g8
D Mg
-4ormore !‘f

Figure 1. Spatial distribution of local energy systems (LES) projects across 380 local authorities (LAs) in England, Wales and Scot-

land.

Note: LAs with more than two LES projects are Glasgow (three projects), Newcastle under-under-Lyme (three), Rhondda Cynon
Taf (three), Scilly islands (three), St Albans (three), Fife (four), Milton Keynes (four), Orkneys (four), Oxford (four), Westminster
(four), Bristol (six), Cornwall (six), Shetlands (six) and Nottingham (seven).
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the past 10 years (dependent variable) (Table 2). We also
run a series of robustness checks to demonstrate external
validity, both using time-series data as alternative inde-
pendent variables and diverse modelling specification
strategies, and using community energy (CE) and LES
project clusters as alternative dependent variables.

Data measuring independent variables are reported in
various spatial and temporal formats (see Figure A3 in
Appendix A in the supplemental data online). This limits
our ability to construct a continuous balanced dataset that

Table 2. Variables specified in integrated regression model.

accounts for all existing variables with consistent spatial
and temporal coverage. To resolve this constraint, we
have effectively constructed two separate datasets. The
first dataset, which we mainly focus on this analysis, is a
cross-sectional dataset that accounts for all existing variables
at the spatial level of LAs as the most commonly available
spatial resolution. Depending on the statistical nature of
each metric (see Tables A2-A7 in Appendix A in the sup-
plemental data online), we have compiled the cumulative
sum over time (e.g., cumulative count of active renewable

Dependent variable

Metric

Local energy systems (LES)

Number of LES projects per local authority (LA) — cumulative from 2010

to 2020

Independent variables Associated

hypothesis

Renewable energy (RE) projects Number of active renewable power-generation projects at utility scale E3
(> 150kW)? per LA — cumulative from 2011 to 2020

Congested electricity Number of electricity substations experiencing significant capacity E2

substations constraints per LA in 2018

Electric vehicle (EV) charging Number of EV recharging points per LA — cumulative from 2012 to E4

infrastructure 2020

Limited access to gas % of properties not connected to the gas grid in 2018 to the total E5
number of properties per LA

Major power producers Number of major power producers per LA — cumulative from 2011 to E1
2017

Energy and climate action plans  Dummy = 1 if LA signed sustainable energy and climate action plan, 0 L1
otherwise

Social capital % people per LA that have volunteered in the last 12 months — mean for I
2011, 2013 and 2017

Tech businesses Number of local units per LA in the broad industrial sector of V2
information and communication technologies (ICT) (SIC 68-63) — mean
from 2014 to 2019

Average household income Average gross disposable household income (£ thousands) per LA — S2
mean from 2010 to 2016

New building stock % of dwellings per LA built after 1983 — cumulative till 2015 S5

Efficiency improvements in fuel % of households per LA with ECO measures® — cumulative till 2019 S4

poor households

Home energy audits % households per LA with Green Deal Assessments® — cumulative till S6
2017

University towns % of densely populated urban, diverse, student lower layer super output V3

areas (LSOAs) per LA — UK census 2011

Note: Following our model selection strategy (see the Methods), we work towards an integrated regression model that incorporates the variables here as
predictors of LES. For more information on descriptive statistics and intercorrelation of all variables, see Tables A8 and A9, respectively, in Appendix A in the
supplemental data online. For a complete breakdown of all variables compiled and empirically tested in this study, see Figure A3 online.

“We have also tested for the effect of small-scale distributed RE projects on LES projects and, similarly to utility-scale RE, we find significant effects
(although smaller in size). Due to high correlation (58%) between the utility-scale and distributed RE project variables, we exclude the latter from the
integrated regression model. For robustness purposes we include relevant model specifications with both variables in Table B1 in Appendix B online.
PThe Energy Company Obligation (ECO) programme requires that electricity suppliers in Great Britain fund efficiency measures in the dwellings of low-
income and vulnerable households in order to alleviate fuel poverty and ensure sufficient levels of thermal comfort.

“Green Deal Assessments are home energy audits, principally for homeowners, that identify and recommend cost-effective efficiency and low-carbon
measures for improving thermal comfort and reducing energy bills (Pettifor et al., 2015).

9Data for social capital were obtained from the UK Understanding Society dataset (University of Essex, Institute for Social and Economic Research, NatCen
Social Research, Kantar Public, 2019).

REGIONAL STUDIES
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energy (RE) projects per LA) or the mean value over time
(e.g., average household income per LA) so that we consist-
ently report all variables with a temporal dimension in the
cross-sectional dataset. Being aware of potential bias in
the empirical estimates of cross-sectional analysis due to
restrictions in temporal coverage, we have also compiled a
second panel time-series dataset for all variables with avail-
able temporal dimension (see Figure A3 online). This panel
dataset is unbalanced due to increased variability in the
reported time frames, so we use it mainly to check the stab-
ility of our cross-sectional findings over time.

4. METHODOLOGY

We start by employing a model selection strategy in sec-
tion 4.1. to identify local conditions associated with LES
(Table 1, column 2). We allocate independent variables
that control for local conditions by categories (Table 1,
column 1) and estimate linear regression models for each
category’s set of variables (Table 1, column 3). This was
to identify statistically significant predictors out of many
regressors (see Figure A3 in Appendix A in the sup-
plemental data online), always considering model-fitness
and diagnostic tests. We then incorporated the best per-
forming predictors across categories into a final integrated
regression model (Table 2).

Focusing on the integrated model in section 4.2., we
use linear and Poisson regression models to pinpoint the
local conditions significantly associated with LES (Table
3, columns 1 and 2, respectively). We also investigate in
section 4.3. the differences between ‘threshold conditions’
associated with a local area having at least one LES, and
‘intensity conditions’ associated with an area having mul-
tiple LES. We fit binary logit and probit models to ident-
ify threshold conditions, 0 and 1 (Table 3, column 3). We
fit weighted Poisson regression models to identify inten-
sity conditions 1-7 (Table 3, column 4). The latter models
give increased statistical weight to areas with more than
one LES project.

We test the external validity of our results for LES
specifically, rather than local energy more generally, by
re-running our analysis using a second dataset on CE pro-
jects in the UK as our dependent variable (section 5.2).
Our expectations were that local conditions associated his-
torically with CE would be more limited than conditions
associated with LES as CE tend to have lower technologi-
cal complexity and less diverse actors involved (Mirzania
et al., 2019). As a further robustness test for our main
results, we use cluster analysis to identify discrete insti-
tutional and technological profiles of LES within our data-
set, and then test whether our results for LES are robust to
variation in project type (section 5.3) and robust to support
our hypothesis of LES crucial drivers to draw general pol-
icy insights for UK and abroad.

4.1. Model selection strategy

We use the number of LES per LA across the UK as main
dependent variable. We start the empirical analysis using
the ordinary least squares (OLS) estimator to identify

the predictors able to control for LES diffusion across
Great Britain (GB):

LES; = a+ XiB+u; o))

where LES; represents the number of LES; and X; rep-
resents the vector of independent variables for LAs
i=1,.,380. The OLS estimator is a useful exploratory
tool because it provides a ‘reasonable direct estimate of
the sample-average marginal effect on the probability
that y=1 as x changes’ (Cameron & Trivedi, 2005,
p. 471). Nonetheless, it relies on stringent assumptions
for the error term, and it can deliver predicted probabilities
X;B that might be negative. Consequently, we limit our
use of the OLS estimator to fit linear regression models
that identify the subset of variables for full testing in sub-
sequent non-linear models.

Having compiled a large number of independent vari-
ables that might be associated with LES diffusion (see
Tables A2-A7 in Appendix A in the supplemental data
online), we use a model selection strategy to identify the sub-
set of independent variables that can explain LES diffusion.
We first allocate our variables into our six categories of inter-
est (Table 2): energy networks and systems, socio-economic
and building stock, local government, social capital, local
economy, and natural resources. We start our analysis by
focusing on a single category of variables, starting with
energy networks and systems. To determine the best per-
forming model specification, we take into account corre-
lations between specific regressors,” the statistical nature of
the regressors (e.g., count, continuous, dummy variables)
and underlying assumptions over the expected results
based on the reviewed literature. Our aim is to identify the
statistically significant predictors out of a large pool of
regressors, always considering model-fitness and diagnostic
tests. We repeat this empirical exercise for all categories of
independent variable. We conclude on an integrated
regression model that incorporates all statistically significant
predictors across all categories of regressors. Table 2 (column
1) shows the final integrated linear regression model which
is the best performing model specification.

To enhance our regression approach in favour of more
appropriate models we present a set of alternative model
specifications (see Table B1 in Appendix B in the sup-
plemental data online). We focus on the variables with
higher correlations (EVs and information and communi-
cation technology (ICT) firms, utility-scale and distribu-
ted RE projects). We interchangeably remove one of the
variables with a high correlation and observe whether
the size and/or statistical significance of the other coeffi-
cients change considerably as an indicator of spuriousness.
Table B1 online shows this not to be an issue. In addition,
we can observe that model specifications in Table B1 have
relatively good-fit properties while the residuals are not
spatially correlated (according to the Moran test).® Thus,
having selected the subset of variables that can explain
the diffusion of LES, we can confidently proceed to the

non-linear regression model.
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Table 3. Regression models of local conditions associated with local energy systems (LES) projects.

Variables oLS (1) Poisson (2) Logit (3) Poison weighted (4)
Coefficient Coefficient Margins Coefficient Margins Coefficient Margins
Renewable energy (RE) projects 0.016%** 0.013*** 0.00474*** 0.022 0.003 0.010%** 0.026%**
(0.005) (0.001) (0.002) (0.017) (0.002) (0.005) (0.002)
Electric vehicle (EV) charging infrastructure 0.007*** 0.008*** 0.003*** 0.0118*** 0.001*** 0.004*** 0.011%**
(0.001) (0.002) (0.001) (0.004) (0.001) (0.002) (0.001)
Limited access to gas 1.836%** 2.712%%% 0.992%** 3.309%** 0.424%** 0.468* 1.317
(0.345) (0.649) (0.147) (1.103) (0.137) (0.479) (0.194)
Major power producers —0.05%*** —-0.0639* -0.0234* -0.076 -0.010 —-0.0572 -0.161
(0.014) (0.029) (0.007) (0.050) (0.006) (0.036) (0.013)
Energy and climate action plans 0.506*** 0.679** 0.248** 0.720 0.092 —-0.0274 -0.0770
(0.161) (0.300) (0.069) (0.511) (0.065) (0.279) (0.104)
Social capital 0.310 1.886 0.690 3.068 0.394 0.411 1.157
(0.852) (1.721) (0.397) (3.115) (0.399) (2.163) (0.793)
Tech businesses 0.0002** 0.0005*** 0.0002*** 0.0007* 7.51e-05* 4.99e-05 0.0001
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
University towns 1.059 1.374 0.502 1.685 0.216 2.548** 7.167**
(0.666) (1.242) (0.287) (2.156) (0.276) (1.157) (0.425)
Average household income —4.56e-05*** —0.0001*** —4.38e-05*** —0.0002*** —1.78e-05*** —4.82e-05%* —0.0002**
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
New building stock —1.211** —3.322%** —1.215%** —5.796*** —0.744%** —0.665 -1.870
(0.558) (1.089) (0.248) (2.003) (0.251) (1.124) (0.424)
Efficiency improvements in fuel poor households —3.221*** —6.213*** —2.273%** —4.425 -0.568 —6.509*** —18.31%*%*
(1.064) (2.279) (0.524) (3.922) (0.501) (2.348) (0.880)
Home energy audits 14.41%** 15.63** 5.716** 9.155 1.174 14.49%** 40.76***
(4.341) (8.232) (1.897) (14.61) (1.870) (7.243) (2.693)
Constant 0.630* 0.283 0.578 1.345%**
(0.358) (1.327) (0.740) (0.823)
Observations 380 380 380 380 380 139 139
Log-likelihood —245.63 —157.62922 —-215.97
Deviance 307.98 52.85

(Continued)
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Margins

Poison weighted (4)

Coefficient
51.59
0.22

Margins

Logit (3)

Coefficient
0.19
0.18

Margins
390.54

Poisson (2)

0.9888

Coefficient
531.82
0.28

oLS (1)
Coefficient

0.98
0.32
0.77
0.36

Note: The dependent variable is the number of LES projects per local authority area. ***Statistical significance at 1%, **at 5% and *at 10%. Parentheses indicate standard errors for each coefficient. Logit and Poisson models

use the maximum likelihood estimator (MLE), and ‘margins’ denote the marginal probability that a specific predictor is associated with an LES project within a local authority, while the rest of the predictors are assumed to be
equal to their mean. The deviance and Pearson y? goodness-of-fit tests assume the null of joint normality of the observed variables. The Moran'’s / test for spatial dependence assumes the null hypothesis that errors are

independent and identically distributed. The magnitude of the coefficients should not be directly compared as a measure of effect size as the underlying variables differ in form. R? and pseudo-R? are goodness-of-fit measures.
Values around 0.3 are commonly considered good fits in cross-sectional models. Alternative models using the Poisson quasi-MLE estimator (relaxing the restrictive assumption of equi-dispersion between the mean and var-

iance) report similar results and goodness-of-fit to the logit and Poisson-weighted models confirming robustness to model specification (see Table B2 in Appendix B in the supplemental data online).

RMSE, root mean square error.

Table 3. Continued.
Variables

p-value

Pearson 2

p-value

Moran test y?
p-value

RMSE

RZ

Pseudo-R?

4.2. Count regression model

As our dependent variable is a count variable measuring
the number of LES across LAs, we use the Poisson
regression model that does not have the restrictive
assumptions of error term of the OLS estimator. More
specifically the error term has now a Poisson distribution
and the model is formalized as:

—Mi )
PALES; = ylx;) = = F )
!
where y =0, 1, ..., 7 LES; u represents the factors

influencing the intensity of LES and both the mean and
variance are equal to u, that is, E[LES]=pn and
VILES] = p, also known as the equi-dispersion property
of the Poisson distribution (Cameron & Trivedi, 2005,
p. 668). Parameterizing the relationship between u; and
the vector of independent parameters .X;, one derives the
Poisson regression model that is estimated with the use
of the maximum likelihood estimator:

w; = expla + X;B+ %) 3)

where & is the constant term, X; represents the vector of
independent variables for LAs i =1, .., 380, and % is
the residuals of the Poisson regression model. Given coef-
ficient estimates from the Poisson model are not informa-
tive, we estimate the marginal effect (denoted as ‘margins’
in Table 3) so that each coefficient expresses the marginal
impact on LES, assuming all the others are constant at
their means. These margins are comparable with the
OLS coefficients. We can observe that both statistical sig-
nificance and size of margins (Table 3, column 2) are con-
sistent to the equivalent coefficients obtained from the
linear regression model (Table 3, column 1). This confirms
our modelling approach. As a further robustness check, we
also use the Poisson quasi-maximum likelihood estimator
(MLE) model (or quasi-Poisson) that relaxes the restric-
tive assumption of equi-dispersion between mean and var-
iance. We can observe in Table B2 in Appendix B in the
supplemental data online that coefficient estimates, and
associated margins are remarkably similar to the ones esti-
mated using the Poisson regression model and weighted
Poisson regression model in Table 3 (columns 2 and 3,
respectively). The statistical significance of some of the
coefficients improves in Table B2 online, while the
quasi-Poisson model specifications have very good fitness
properties.

4.3. Threshold and intensity conditions

We also investigate the ‘threshold conditions’ associated
with the development of the first LES in LAs with no
pre-existing LES. Similarly, we investigate the ‘intensity
conditions’ associated with the diffusion of multiple
LES in LAs with at least one LES project. We employ
(1) a binary regression model (logit model) to identify
‘threshold conditions’ (0 and 1) and (2) a weighted Pois-
son regression model’ to identify the ‘intensity con-
ditions’ (1-7). As an additional test that allows us to
examine the ‘extensive’ and ‘intensive’ margins, we re-
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estimate the probit model (equation 4) and the linear
regression model (equation 1) with one-year lagged inde-
pendent variables using our panel dataset. The approach
and findings of this additional test are provided in
Appendix B in the supplemental data online, and specifi-
cally in Table B8.

The binary regression model allows us to identify local
conditions associated with switching from the threshold of
0-1 LES. We employ the binary logit model that esti-
mates the probability Pr( ) that the dependent LES, =1
against the alternative that LES; = 0:

Pr(SLES; = 1) = Ao+ X:B + u;) 4)

The logit model uses a logistic distribution for the function
A(). We present results for the logit model in Table 2 (col-
umn 3). We also present results for the binary probit
model as robustness check (see Table B4 in Appendix B
in the supplemental data online) and we find that the
two binary models (logit and probit) produce identical
results.

The weighted Poisson model allows us to estimate
intensity conditions that lead to multiple LES within
specific LAs. We apply natural weights to the dependent
variable for the Poisson regression model which effec-
tively reduces our sample size to the LAs with at least
one project (i.e., 20% of our sample). Out of the speci-
fied LAs, this model gives increased statistical weight
to those LAs with more than one LES. Results for
the weighted Poisson model are presented in Table 3
(column 4).

5. EXTENDED METHODOLOGY TESTING
FOR SOCIO-TECHNICAL TRANSITIONS

5.1. Temporal consistency of LES projects

The emergence of LES projects across the UK over the
past decade could indicate a broader transition in the
niche-led challenges to a centralized energy system. Tem-
poral consistency in the deployment of LES would sup-
port this argument by showing that LES are not one-
off local scale phenomena. To examine this hypothesis,
we employ our panel dataset to test the consistency of
our cross-sectional findings from 2010 to 2020, subject
to available data resources. We re-estimate our baseline
model specification (Table 2, column 2) employing the
panel dataset that excludes predictors without temporal
dimension (e.g., ‘access to gas’, ‘volunteering rate’). We
then assess whether our empirical findings are consistent
between cross-sectional model (Table 3, column 2) and
panel data model (see Table B3 in Appendix B in the
supplemental data online), and whether we can derive
any additional insights from the panel data model. As
an additional test, we estimate a panel data model in
which independent variables are lagged by one period
and compare the results with the model controlling for
the contemporaneous effect (see Table B6 online).
Results indicate considerable similarities between cross-
sectional and panel data coefficients and, by extension,

REGIONAL STUDIES

support the finding that cross-sectional results are stable
over time.

5.2. Transitioning from CE to LES projects

There is evidence in the literature of a transition under-
way from CE to local energy (Devine-Wright, 2019).
CE emphasizes bottom-up initiatives with strong citizen
participation, local ownership and renewable power gen-
eration particularly solar PV (Devine-Wright, 2019). In
contrast to LES projects, CE does not typically involve
multiple energy vectors, more advanced smart technol-
ogies, partnership across sectors or significant private
investment. A broader market shift from CE to LES
projects is indicative of wider system change in which
the disruptive characteristics of local energy niches
move towards market-oriented business models. To
examine this hypothesis, we test whether a smaller sub-
set of regressors explains the spatial distribution of CE
than is the case for LES (Figure 2). Drawing on Com-
munity Energy Hub and Community Energy Scotland
datasets, we identify the location of 393 CE projects
and map them to the 380 LAs as our spatial unit of
analysis. The clear majority of CE in our dataset started
after 2010. Figure C2-1 in Appendix C in the sup-
plemental data online shows the spatial distribution of
CE. We use these data on CE as an external validity
test of whether an alternative but related dataset gener-
ates comparable but distinctive findings. We expect our
results to show the local energy landscape has shifted
from CE to more complex and technologically advanced
LES. So, we expect a narrower set of local conditions to
be associated with CE, relative to the diverse set of local
conditions associated with LES. To do that, we re-esti-
mate our baseline linear regression model using the
number of CE as dependent variable (instead of the
number of LES).%

5.3. Heterogeneity within LES projects

Wider deployment of LES projects requires that they
adequately accommodate unique local conditions. A
one-size-fits-all type of local energy cannot successfully
support a broader transition as regions have distinct
characteristics and needs. Thus, we expect that LES are
sufficiently heterogenous to account efficiently for distinct
geographical, socio-economic and institutional character-
istics across regions. To examine this hypothesis, we cat-
egorize LES into distinct subgroups with homogenous
characteristics and re-estimate our baseline model specifi-
cation (Table 2, column 2). Specifically, we use hierarch-
ical cluster analysis to identify groups of LES with similar
geographical, scale, technological and institutional
characteristics (Wilson et al., 2020). We use dummy vari-
ables with squared Euclidean distance as a measure of
similarity. Given that cluster solutions are sensitive to
outliers, we started by using a single linkage (nearest
neighbour) clustering method so that we identify outlier
projects that are only weakly related to all other LES
on the cluster variables. We then screened out identified
outliers in the main analysis using Ward’s clustering
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spatial variation in LES CE LES by cluster
associated threshold intensity associated Cluster Cluster
conditions  effects effects conditions 1+4 243
Dependent Variable
LES projects per local authority (LA) in GB count 0-7 0-1 1-7 0-5 0-4
CE projects per local authority (LA) in GB count 0-90
Independent Variables
Renewable energy (RE) projects count + +
Electric vehicle (EV) charging infrastructure count
ENERGY Limited access to gas % -
Major power producers count -
Congested electricity substations count
LOCAL GOVT  Energy and climate action plans yes/no _
SOCIAL CAPITAL Social capital %
LOCAL ECONOMY Tech businesses count _ + + -
University towns %
SOCIOECONOMIC Ayerage household income thous £ ©
New building stock %
HOUSING Efficiency improvements in fuel poor households % -
Home energy audits % +
number of LAs with LES=>1 78 78 78 105 (CE) 56 38
cumulative number of LES 139 78 139 393 (CE) 84 54
number of LAs 380 380 78 380 380 380
dataset format/condition balanced balanced  balanced balanced balanced balanced

Figure 2. Comparative summary of models testing local conditions associated with local energy systems (LES) and community

energy (CE) projects.

Note: Visually compared are the regression results presented in Table 3 and the CE results (see Appendix C in the supplemental
data online). The numbers of LES projects are dependent variables for all models except for the CE column, for which the number
of CE projects is the dependent variable. The LES dataset covers 146 projects in the UK begun from 2010 to 2020, of which 139
have specific geographical locations. The independent variables shown are the robust predictors across different model speci-
fications. Dark and light shading indicate strong and weak statistical significance, respectively; signs indicate a positive or a nega-
tive association with the numbers of LES (or CE) projects. Blank cells indicate predictors that become statistically non-significant
in the final integrated models (see the text for details). Table 3 provides full details of models with coefficient estimates (and the
marginal probabilities estimates for the Poisson regression model).

method which allows to identify clusters of similar sizes
and low within-cluster variance. We examined two-,
three- and four-cluster solutions by testing for differences
across the cluster variables to clearly differentiate and
characterize the types of projects in each cluster. The
four-cluster solution was the most clearly interpretable
(Figure 3).

We then re-estimate the Poisson regression model
specified in Table 2 (column 2) for each distinct cluster
or type of LES project (Figure 2). We evaluate and
compare cluster regression results (see Table D1 in
Appendix D in the supplemental data online) to baseline
regression results (Table 2, column 2). As with our use
of CE projects as an alternative dependent variable, we
use LES clusters to test the robustness of our methodo-
logical approach to variation in LES characteristics.
First, we re-estimate the Poisson regression model for
older types of LES using projects in public purpose
end-use (cluster 1) and distribution network operator
(DNO)-led electricity network improvement (cluster 4) as
our dependent variables. Second, we use more recent
types of LES in private firm-led supply integration (cluster
2) and smart, multi-vector systems (cluster 3 as our depen-
dent variable) (Figure 3). Our findings confirm local con-
ditions associated with LES clusters are in line with
expectations when considering the distinct characteristics
of each cluster.

6. RESULTS

6.1. Local conditions significantly associated
with LES projects

Which local conditions enable LES projects?

LES are more likely to be found in local areas with existing
energy and climate action plans, and more EV charging
infrastructure (Table 3, column 2). Although LES can
themselves deploy EV infrastructure, we reject this reverse
causal explanation because we find no indication of endo-
geneity in our formal testing, and additionally, four in five
LES projects are in areas with pre-existing high numbers
of EV charging points. Both these findings are discussed
in full in Appendix B in the supplemental data online.
Although we find no significant association with economic
activity in general, we do find LES are strongly associated
with local activity in the tech sector. Testing for endogene-
ity (see Appendix B online), we reject the reverse causal
explanation that LES result in the expansion of ICT
firms. This is consistent with other literature. For example,
in their study of industrial innovation policy in the UK,
Sunley et al. (2021) find that the tech sector is geographi-
cally dispersed without apparent evidence of spillover
effects to contiguous regions. Similarly, we find that the
effect of tech businesses on LES is localized. This is

REGIONAL STUDIES



2048 Theodoros Arvanitopoulos et al.
« variable renewables (80%)
cluster 1 i *  public or 3" sector lead (100%)
n=41 public * e.g., Active Homes Neath led by the Pobl Group in south Wales, with goal
purpose, electricity network improvement
demand &
low-carbon
* variable renewables (46%)
LES projects cluster 2 * private firm:led {96%)
E ) n=24 rivate * e.g., Bus2Grid led by SSE in London bus depots, with the stated
n=146 ::l i é aim of demonstrating electric vehicle-to-grid technologies and
intel;,:c:;ion business models
cluster 3
cluster 4 n=34 * variable renewables (56%)
~ e private firm-led (100%)
n=47 private, * e.g., ReFLEx led the European Marine Energy Centre in Orkney, with goal
multi-vector system integration (electricity, transport and heat) including demand-
systems side and storage resources

variable renewables (28%)
DNO-led (100%)

e.g., Low Carbon Hub led by Western Power Distribution in East Lincolnshire,

with goal integration of low-carbon generation on to electricity distribution

networks

Figure 3. Local energy systems (LES) clusters.

Note: Four common types of LES projects are identified using cluster analysis of geographical, scale, technological and insti-
tutional characteristics of 146 projects. Cluster descriptions show the percentage of projects within each cluster that share
the distinguishing characteristics of that cluster. For more information on the loading of the factors used to determine the clus-
ters, see Figure D1 in Appendix D in the supplemental data online.

supported by the lack of spatial autocorrelation or cluster-
ing in any of our models (Table 3) that would indicate
knowledge or expertise spilling over from areas with
LES experience to neighbouring areas (beyond that
which is already captured in the spatial clustering of the
economic activity variables). Data used in Sunley et al.
(2021) predate our analysis. Thus, considering similar pat-
tern of geographical dispersion between tech firms and
LES, and having formally tested for direction of causality,
we argue that tech sector presence functions as an enabler
for LES, rather than the other way round. Given that LES
projects involve a variety of novel technologies close to or
at the technological frontier, specialized technical and
business expertise available locally is a key requirement
for deployment. These conditions demonstrate local stra-
tegic investment, planning and skills development towards
low carbon goals can actively enable LES.

Which local conditions do LES projects provide solutions for?

LES are more likely to be found in local areas with
increased number of active RE projects (utility and
small-scale), few or no major conventional power produ-
cers, and more limited access to gas infrastructure
(Table 3, column 2). Having tested for endogeneity (see
Appendix B in the supplemental data online), we reject
the reverse causal explanation that LES deploy RE. This
is consistent with evidence on RE deployment as our inde-
pendent variable represents a tiny proportion of total RE
generation in the UK. We find no statistically significant
association between LES and renewable resource
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potentials or climatic conditions. Our interpretation is
that high numbers of existing RE projects indicates poten-
tial intermittency and balancing issues, limited conven-
tional power producers indicates low generation capacity
and supply constraints, while reduced access to gas
increases loads on electricity networks further reducing
surplus capacity. LES offers potential solutions to these
issues. We also find LES are more likely in less affluent
areas (low average houschold income), with higher pro-
portion of older dwellings (built before 1983), and there-
fore more energy in-efficient housing stock (Table 3,
column 2). Areas with a lower share of efficiency improve-
ments for fuel poor households (ECO measures) and a
higher share of owner-occupied home energy audits
(Green Deal Assessments) are also more likely to have
LES. These results are all consistent with demand-side
characteristics of LES as a means of upgrade building
stock efficiency, although not specifically in fuel poor
areas.

6.2. Threshold and intensity conditions

Are some local conditions associated with initial LES projects
while others are associated with multiple LES projects?

Having identified all significant local conditions associated
with LES, we now distinguish ‘threshold conditions’
associated with initial deployment of LES from ‘intensity
conditions’ associated with multiple LES (Figure 2). For
‘threshold conditions’ (T'able 3, column 3), we find areas
with more EV charging infrastructure, older dwellings,
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limited access to gas, and more tech businesses are more
likely to deploy first-time LES. EV infrastructure, energy
in-efficient buildings and limited access to gas can increase
demand on local electricity networks, especially for less
densely populated areas (see Figure A4 in Appendix A
in the supplemental data online). Support from local
tech business expertise could enable more widespread
access to LES in areas with no prior experience.

For ‘intensity conditions’ (Table 3, column 4), we find
areas with higher numbers of active RE projects, more EV
charging infrastructure, more home energy audits (but not
fuel poverty investments), and presence of local univer-
sities, are more likely to have multiple LES. High levels
of renewables, EV charging infrastructure and energy effi-
ciency retrofit programmes are consistent with substantial
and diverse technical expertise available locally to support
multiple LES. As well as contributing skills, universities
can also act as project partners. Indeed, our university
town variable has an overlapping effect with local tech
businesses in our models.” Universities can also open
routes to public funding for commercial demonstrators.
In further analysis of the 29 LAs with more than one
LES project, we find 70% of projects in these areas include
either university partners, university spinoffs or funding
from traditional academic research sources.

6.3. Temporal consistency of LES projects

Hawe these local conditions associated with LES projects changed

over time?

To test consistency of our results over the 2010-20 study
period, we re-estimate our model using available panel
data and different models’ specifications. We find time-
varying results (see Table B6 in Appendix B in the sup-
plemental data online) are remarkably similar to those
obtained from the cross-section model. This supports
the robustness of our findings over the last decade. More
importantly, it indicates that LES are not simply a one-
oftf local phenomenon within a given spatial context.
The increasing number of LES projects deployed within
the UK over time indicates a gradual but consistent change
within regional energy planning and market activity. LES
are elements of a broader socio-technical transformation
underway within energy systems.

6.4. Transitioning from CE to LES projects

Are the local conditions associated with LES projects distinct
from those associated with CE?

Our findings support the argument that shifting away from
relatively low-risk feed-in tariff backed CE projects requires
a more diverse set of enabling technical and economic con-
ditions (Figure 2) (Mirzania et al., 2019). Local energy pro-
jects have evolved over the years from small-scale locally
controlled phenomena to more technologically complex,
market-oriented forms of energy projects involving multiple
energy vectors and wider involvement of private sector

actors that indicates increasing commercial viability. This
further supports our argument that a broader socio-techni-
cal transformation in the energy system is underway.

More specifically, re-estimating our integrated model
but with CE as the independent variable, we find active
RE projects, network capacity constraints, energy ineffi-
cient housing and home energy audits are conditions
associated with CE (see Appendix C2 and Table C2-3
in the supplemental data online). In contrast to the
wider set of conditions associated with LES, local tech
expertise, EV infrastructure and sustainable action plans
are not associated with CE (Braunholtz-Speight et al.,
2020). Although social capital is expected to be signifi-
cantly associated with CE, our proxy for social capital
(volunteering rate) remains statistically non-significant.
Given known empirical difficulties in quantifying social
capital (Scrivens & Smith, 2013) and CE being unevenly
distributed across Great Britain (see Figure C2-1 online),
we re-estimate our model separately for Scotland, and for
England and Wales, to improve model fitness (see Table
C2-3 online). We find social capital is statistically signifi-
cant for England and Wales (good sample size properties)
but not for Scotland (small sample size).

6.5. Heterogeneity within LES projects

Are the same local conditions associated with different types of
LES projects?

The observed heterogeneity indicates that LES are not
simply a one-size-fits-all phenomenon independent of
spatial context. Instead, the technological and institutional
configurations of LES projects can respond flexibly to dis-
tinctive local conditions (Fuentes Gonzdlez et al., 2021).
This flexibility is important for broader socio-technical trans-
formation. For example, in areas not connected to the
national networks (e.g., Orkney, Shetland), LES projects
employ smart and multi-vector energy systems to resolve
network constraints. In contrast, in metropolitan and
urban areas with higher demand concentration (e.g., Oxford,
London, Nottingham), LES projects use technologies such
as grid-scale battery storage or peer-to-peer trading.

More specifically, we exploit this variation and identify
four clusters of LES with more homogenous character-
istics (Figure 3). Re-estimating our models with each of
these LES clusters as the independent variable, we find
all four clusters are associated with certain local conditions:
active RE projects, limited access to gas, and EV charging
infrastructure.'® A consistent feature of LES is low surplus
capacity and balancing constraints on electricity networks.
We also find some variation in local conditions associated
with different clusters. Historically older types of LES
such as public purpose end-use (cluster 1) and electricity
network improvement (cluster 4) are strongly associated
with deprivation and older housing (Figure 2). Conversely,
more recent types of LES such as private firm-led supply
integration (cluster 2) and smart, multi-vector systems
(cluster 3) are strongly associated with economic activity
in the tech sector, LA action plans and fewer fuel poor
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households (Figure 2). This indicates the increasing rel-
evance of local government strategic planning and knowl-
edge capacity of innovative practices over the 2010-20
study period.

As our dataset comprises commercial demonstrators
with part or full public funding, it might be likely that
local conditions associated with particular funding objec-
tives are overrepresented in our results. For example, succes-
sive rounds of funding for distribution network operators
mean our cluster 4 is characterized by electricity network
improvement projects. However, we find projects in this
cluster are no more likely to be associated with network
constraints or intermittent RE, so we reject the potential
biasing effect of public funding availability on our results.

7. DISCUSSION AND CONCLUSIONS

LES projects are gradually developing from niches to socio-
technical constellations that can challenge the existing
regimes within the energy market. LES by definition are
rooted in specific local contexts and, as shown in our cluster
analysis (Figure 3), represent various technological and
institutional configurations (Fuentes Gonzéilez et al,
2021). This variety in our dataset of demonstrators and
early-stage commercial LES is potentially wider than
would be found after the winnowing forces of market com-
petition in the absence of dedicated policy support. Our
analysis of LES spans the period 2010-20 during which
financial incentives like feed-in tariff were reduced or
removed, and regulatory arrangements began shifting to
enable value capture from prosumer, balancing and flexi-
bility services (Hall et al., 2021). But this transition is still
underway, and LES in our dataset are early tests of what’s
viable. Our results show the local energy landscape shifting
from CE with grassroots actors focusing on site-specific
renewables to LES increasingly concerned with local flexi-
bility, balancing and system integration (Devine-Wright,
2019) through both supply-side measures to strengthen
networks as well as demand-side strategies tackling energy
in-efficient building stock. We find local strategic invest-
ment and planning around low-carbon goals along with
local knowledge and skills creates enabling conditions for
LES. Thus, we provide evidence that LES projects have
emerged as niches and gradually lead a broader socio-tech-
nical transition towards a sustainable development by dis-
placing centralized, fossil-fuel based forms of energy
systems. In this concluding discussion, we draw general
insights from these results for future LES development.

7.1. LAs and other trusted local partners help
accumulate knowledge and experience that
enable successive LES projects

Despite years of austerity for LAs and reduced involvement
inlocal energy (Tingey et al., 2017), local governments have
important roles as enablers and instigators of LES (Tingey
& Webb, 2020). A total of 75% of UK LAs have declared
climate emergencies, but only 2% have so far published
delivery plans (Gudde et al., 2021). LAs can facilitate or

directly invest in low-carbon infrastructure and act as
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trusted partners in LES to help accumulate local expertise
(Rydin & Turcu, 2019). However LAs have widely varying
in-house competences, resources and abilities to access
finance, and most LAs cite the need for multi-actor part-
nerships and the wider constellation of local actors to deliver
on net-zero targets (Gudde et al., 2021).

Other local actors can play similar roles as ‘institutional
memories’ to learn from and accumulate past experience. In
our data we find three in four of the local areas with more
than one LES have at least one partner involved in multiple
projects. This indicates learning from experience and
‘returns to scale’ so that areas with early projects go on to
do follow-up projects. These repeat partners can be from
industry (62% of projects), university/research (59%), or
public sector (38%). Common repeat partners are univer-
sities, and private firms providing technical expertise or
energy products and services. One interpretation is that
accumulated expertise available locally, and the capacity
for technological experimentation, enable the deployment
of multiple LES within particular areas, which further
strengthens the local skills and knowledge base. Although
we were unable to directly test for the presence of ‘energy
champions’ as a specific local enabling condition (Bayulgen,
2020), our finding that repeat partners are strongly associ-
ated with LES intensity conditions supports the argument
that ‘wilful individuals’ play important nucleating roles
(Kuzemko & Britton, 2020; Tingey & Webb, 2020).

7.2. A broad pool of technological expertise
beyond the energy and utility sector supports
innovative LES projects

Decentralized coordination of supply, network and
demand-side resources to balance local energy flows relies
on digitalization, smart controls, and wider technological
knowhow than in traditional energy businesses (Srinivas
Vedantham et al., 2021). Our results show the enabling
role of the tech sector including innovative start-ups
(Colombelli & Quatraro, 2019) and universities (Fischer
& Varga, 2003; Popp, 2017). Urban areas with experi-
enced local businesses or university departments with rel-
evant skill sets and the capacity for technological
experimentation can function as nurseries for LES.
Local governments can directly support sharing of experi-
ences through local and regional networks (Organisation
for Economic Co-operation and Development (OECD),
2020). Specialized training courses and educational pro-
grammes can further support knowledge exchange and
capacity building (OECD, 2019). Transitioning from
industry- to place-specific skills policy can decrease spatial
imbalances and thus support wider socio-technical tran-
sition in the energy system (Corradini et al., 2022).

7.3. LES projects can help improve living
conditions

By design, LES integrate demand patterns (e.g., winter
peak loads) and demand-side resources (e.g., flexible
loads and smart controls) into energy system operation.
We find LES facilitate efficiency improvements in hous-
ing, particularly in older homes and homes without access
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to the gas grid (Rosenow & Galvin, 2013). LES can also
help deliver new EV charging infrastructure with the
co-benefit of reducing local air pollution from vehicles,

and balancing new demands placed on power networks
from the EV transition (Eyre & Baruah, 2015).

7.4. LES projects are potential means of
‘levelling up’ disadvantaged local areas

Both LES and local conditions associated with LES are
unevenly distributed. Economic development policies tar-
geting disadvantaged areas can support more equitable
distribution of LES by providing appropriate financial
and regulatory incentives to energy and technology
businesses and entrepreneurs (Feldman et al., 2021).
Improving local actors’ access to finance and reducing
regulatory burdens can support the development of
small and medium-sized enterprises (SMEs) in targeted
areas, and incentivise businesses to relocate their local
units (European Commission, 2020a). This can support
the development of local skills while incentivizing collab-
orations between local governments and private actors
(OECD, 2019). We did not find LES to be more com-
mon in areas with fuel poor households, indicating the
continued need for targeted fuel poverty policies and
investments.

7.5. Insights on enabling conditions for LES
projects apply beyond the UK to countries that
are decarbonizing, decentralizing, digitalizing
and democratizing their energy systems

Although our analysis was based on UK data, our findings
broadly apply across national contexts undergoing similar
landscape shifts towards more intermittent renewables,
smarter networks, demand and storage resource inte-
gration, and electrification of mobility and heat. Market-
oriented system integration projects across energy vectors
are potential local solutions. LES are moving from niche
to mainstream in other European countries (Delta-EE,
2019) and North America (Bayulgen, 2020). Political
agendas in support of the ‘4Ds” are also aligned with
LES-type solutions both in the European Union (Euro-
pean Commission, 2020b) and across the world (Berka
& Dreyfus, 2021).
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NOTES

1. Multi-vector corresponds to various forms of energy
transfer in space and time (i.e., electricity, heat, transport,
etc.).

2. On average, about 11 new LES projects started
annually from 2011 to 2014, increasing to about 20 new
LES projects annually from 2015 to 2018. For descriptive
statistics of LES projects over time, see Figure A2 and
Table Al in Appendix A in the supplemental data online.
Rae et al. (2021) have also developed an interactive geo-
graphical information system (GIS) map with all LES pro-
jects included in our study; https://www.energyrev.org.uk/
app_plugins/Maps/V4/index.html#5/57.681/-2.856/.

3. These types of technologies can be aggregated into six
groupings based on project scopes: variable renewables,
generation and storage (excluding renewables), electricity
grid integration, local electricity network, energy carriers
and coupling, and energy end-use (Wilson et al., 2020).
4. There are 380 LAs across England, Wales and Scot-
land; no projects were reported in Northern Ireland.

5. Highly correlated regressors are modelled separately to
avoid spurious estimates that falsely increase model fit.

6. We also test for potential endogeneity of the regressors
in Appendix B in the supplemental data online. We find
no evidence that our regressors are endogenous, which
supports our argument that the direction of causality
goes from socio-economic parameters to LES expansion.
7. The weighted Poisson model gives increased statistical
weight to LAs with more than one LES project.

8. For a detailed explanation of the methodological
approach used to analyse CE projects, see Appendix C1
in the supplemental data online.

9. Table 3 (column 4) shows that the university towns
coefficient becomes statistically significant as the local
tech businesses coefficient becomes non-significant, and
vice versa in Table 3 (column 3).
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10. For a detailed overview, see Appendix D and Table
D1 in the supplemental data online.
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